Lead zirconate titanate Pb(Zr 0.95 Ti 0.05 )O 3 (PZT95/5) antiferroelectric thin films with 300 nm thickness were grown on Pt/Ti/SiO 2 /Si substrates by a sol-gel method with rapid thermal annealing processing. The X-ray diffraction results showed that the highly (111)-oriented pervoskite PZT95/5 thin films were grown on Pt/Ti/SiO 2 /Si substrates when annealed at 600-700 • C. Electrical measurements were conducted on PZT95/5 films in metal-ferroelectric-metal capacitor configuration. The PZT95/5 thin films annealed at 600-700 • C showed well-saturated hysteresis loops at an applied voltage of 20 V. At 1 kHz, the dielectric constant and dielectric loss of the films were 519 and 0.028, 677 and 0.029, 987 and 0.025, respectively for the thin films annealed at 600, 650, and 700 • C. The average remanent polarization (Pr) and the coercive electric field (Ec) obtained from the P -E hysteresis loops, were 19.1 µC/cm 2 and 135.6 kV/cm, 29.3µC/cm 2 and 88.57 kV/cm, 45.3 µC/cm 2 and 102.1 kV/cm, respectively for PZT95/5 thin films annealed at 600, 650 and 700 • C for 10 min in the oxygen atmosphere. This showed a good ferroelectricity of the prepared PZT95/5 films on Pt/Ti/SiO 2 /Si substrates by the simple sol-gel processing. The pyroelectric coefficient (p) of antiferroelectric PZT95/5 films was measured by a dynamic technique. At room temperature, the p values of the antiferroelectric PZT95/5 films at 1 kHz were 274, 238, and 212 µC/m 2 K.
I. INTRODUCTION
In recent decades, a considerable amount of research has been focused on the growth and device fabrication of ferroelectric thin films for application in piezoelectric, pyroelectric, dynamic random access memory, nonvolatile random access memory devices, and microelectromechanical systems [1] [2] [3] . Lead zirconate titanate is considered to be one of the very promising materials due to its ability to maintain adequate pyroelectric properties as its thickness is reduced to less than 3 µm [4] . In particular, it has the prospect of integrating materials with exceptional charge-storage ability or actuator capabilities. In some of these applications, however, antiferroelectric compositions offer an alternative to the ferroelectric capacitors and transducers. It is known that high-Zr-content Pb(Zr 1−x Ti x )O 3 (PZT) (0≤x≤0.06) solid solutions are antiferroelectric substances at room temperature. They have abundant field-induced antiferroelectric-ferroelectric (AFE-FE) phase transition behaviors and are attractive in † Part of the special issue from "The 6th China International Conference on Nanoscience and Technology, Chengdu (2007)"
* Author to whom correspondence should be addressed. E-mail: liuqiuxiang2002@yahoo.com.cn, Fax: +86-20-39322265
actuator [5] , charge storage [6] , and electro-optic applications [7, 8] .
To deposit PZT thin films, various techniques have been used such as sol-gel [9] , sputtering [10] , laser deposition [11] , and metal-organic chemical vapor deposition [12] . Among these methods, chemical methods such as sol-gel are promising for producing PZT thin films for their easy composition control and low processing temperatures compared with other techniques [13, 14] . However, most of these research works concentrated on the compositions of x ≥0.54. Few reports on the sol-gel processing of high-Zr content PZT thin films exist in the literature [15] [16] [17] [18] .
In this work, we report the dielectric and pyroelectric properties of highly (111)-oriented antiferroelectric PZT95/5 thin films. PZT films annealed at 600-700
• C have good electrical and pyroelectric properties.
II. EXPERIMENTS
A. Sample preparation Antiferroelectric Pb(Zr 0.95 Ti 0.05 )O 3 (PZT95/5) thin films were prepared by a simple sol-gel route with spinning-on process [19] .
Lead acetate hydrate Pb(CH 3 COO) 2 ·3H 2 O is initially dissolved in 2-methoxyethanol C 3 H 8 O 2 , and stirred for 30 min at 70
• C. After cooling to room temperature, the required quantity of tetrabutyl titanate Ti(OC 4 H 9 ) 4 and zirconium-n-proponed Zr(O(CH 2 ) 2 CH 3 ) 4 are added to the solution and mixed in the flask at 70
• C. Then the solution is stirred for 30 min, without using reflux and high temperature distillation to remove water. The precursor with 10% excess Pb composition was prepared on purpose to compensate for the lead loss in the deposition processing. The concentration of the final solution can be adjusted to 0.3 mol/L by adding 2-methoxyethanol. The whole process of the preparation of the precursor solution is performed in an ambient atmosphere.
B. Characterization of thin films
Before being spin-coated on the substrates, the solution is filtrated with filter paper to avoid particulate contamination. The thermal treating process for the samples is completed in a hot plate and a rapid thermal annealing (RTA) furnace. The coating solution of PZT95/5 films is deposited onto Pt/Ti/SiO 2 /Si (100) substrates by spin coating at 3600 r/min for 30 s. After each spin coating process, the sample continues to be heat-treated at 300
• C for 10 min in air atmosphere on a hot plate. This step is repeated three times to obtain the desired thickness of the films. The PZT95/5 films on Pt/Ti/SiO 2 /Si substrates is annealed at 600-700
• C for 10 min by RTA in oxygen atmosphere. The thickness of the annealed PZT95/5 films on Pt/Ti/SiO 2 /Si substrates with three layers, as measured by Dektak Stylus Profilers (Digital Instrumrnt, USA), was about 300 nm.
The microstructure and surface morphology of the PZT95/5 thin films on Pt/Ti/SiO 2 /Si substrates was analyzed by a D/Max 2550V (Ragaku, Japan) rotating X-ray diffraction (XRD) with Cu Kα radiation in the angle range from 20
• to 60
• . The thickness, surface and cross-sectional morphologies of the thin films were determined by field emission scanning electron microscope ((FE-SEM), JEOL-JSM 6335F). To investigate the electrical properties of the prepared PZT95/5 thin films, top electrodes of gold (Au) with diameter of 0.8 mm were prepared on the top surface of the PZT95/5 films through a shadow mask in a vacuum evaporation system. The polarization versus electric field (P -E) loop of the specimens was measured using a Radiant Technologies RT66 ferroelectrics instrument. The dielectric permittivities of the specimens were measured by an Agilent 4194A precision impedance analyzer with a small ac signal of 50 mV. • C, (b) 650
• C, and (c) 700
• C for 10 min in oxygen atmosphere by RTA.
III. RESULTS AND DISCUSSION
A. Structure and images Figure 1 shows the XRD pattern of PZT95/5 thin films on Pt/Ti/SiO 2 /Si(100) substrates annealed for 10 min in oxygen atmosphere by RTA at 600, 650, and 700
• C. When the film was annealed at 600
• C in Fig.1(a) , the pyrocholore phase is observed in the films. As annealing temperature was increased to 650
• C, the films completely crystallized to the perovskite PZT95/5 phase. The XRD results also show that when the films was annealed at 700
• C, the crystalline PZT95/5 samples displayed strong (111) orientation. There are five peaks (100), (110), (111), (200), and (211) observed in these films. The relative peak intensities of I (111)/ I(hkl ) were found to be 89.2%, 61.5%, and 57.8%, respectively for the films annealed at 600, 650, and 700
• C. The PZT95/5 perovskite phase appeared at 600
• C, and displayed a (111) peak, which was overlapped with a broad Pt(111) peak.
The nucleation mechanism of PZT95/5 (111)-orientation has been proposed in the literatures [20] [21] [22] [23] [24] . The proposed mechanism is that PZT95/5(111) nucleates via a transient intermetallic phase such as Pt 5−7 Pb [22] or Pt 3 Pb [23, 24] . The nuclei have a preferred (111) orientation owing to the Pt 3 Pb acting as a latticematching buffer layer between the Pt and PZT95/5. When the film has this perovskite seed layer to decrease the activation energy for the crystallization of the films, and it in situ is subjected to a higher-temperature heat treatment, the (111) nuclei grow and strong (111) texture develops. Figure 2 shows the FE-SEM images of the (111)-oriented PZT95/5 thin films on Pt/Ti/SiO 2 /Si substrate annealed at 700
• C for 10 min in an oxygen atmosphere by RTA. From Fig.2 (a) , it can be seen that the B. Ferroelectric and dielectric properties Figure 3 shows the typical P-E hysteresis loops for the PZT95/5 films on Pt/Ti/SiO 2 /Si(100) substrate, annealed at 600, 650 and 700
• C for 10 min in the oxygen atmosphere by an RTA process. The average remanent polarization P r and the coercive electric field E c obtained from the P -E hysteresis loops, are 19.1 µC/cm 2 and 135.6 kV/cm, 29.3µC/cm 2 and 88.57 kV/cm, 45.3 µC/cm 2 and 102.1 kV/cm, respectively for PZT95/5 thin films annealed at 600, 650 and 700
• C for 10 min in the oxygen atmosphere. This data shows a good ferroelectricity of the prepared PZT95/5 films on Pt/Ti/SiO 2 /Si substrates by the simple sol-gel processing. According to a phase diagram of Pb(Zr 1−x Ti x )O 3 reported by Dai et al. [25] , the ferroelectric phase exists in 0≤x<0.5 above room temperature, which is called the high temperature ferroelectric rhombohedral phase. respectively. The PZT95/5 thin film annealed at 650
• C has good ferroelectric with the lowest coercive electric field.
The dielectric constant and dielectric loss (tanδ ) were measured by applying a small ac signal of 0.05 V amplitude as a function of frequency in the range of 100 Hz-1 MHz. Figure 4 shows the frequency dependence on the dielectric constant and loss tangent for the PZT95/5 thin films on Pt/Ti/SiO 2 /Si substrates annealed at various temperatures. For the thin film annealed at 600
• C, the dielectric constants decrease from 542 to 475 with increasing frequency from 100 Hz to 1 MHz. For the thin film annealed at 650
• C, the dielectric constants decrease from 709 to 626 with increasing frequency from 100 Hz to 300 kHz, and the dielectric constants increase from 626 to 654 with increasing frequency from 301 kHz to 1 MHz. For the thin film annealed at 700
• C, the dielectric constants decrease from 1017 to 416 with increasing frequency from 100 Hz to 1 MHz. Comparing the dielectric constant of PZT95/5 films annealed at various temperatures, it is suggested that PZT95/5 films annealed at 700
• C have higher dielectric constant at low frequency. At the same time, we may find that at low frequency, the dissipation factor is low for PZT95/5 thin films annealed at various temperatures. At 1 kHz for the films annealed at 600, 650, and 700
• C, the dielectric constant and dissipation factor were 519 and 0.028, 677 and 0.028, 987, and 0.025, respectively. The high dielectric constant combined with a low dissipation factor makes PZT95/5 films one of the promising candidates for dynamic random access memory applications.
When the annealing temperature was 700
• C, a dielectric relaxation peak appeared in the dielectric spectra (see Fig.3 ). This relaxation was related to defect dipoles from the volatility of PbO in the deposition processing [26] . In fact, the conductivity was of anionic type due to oxygen defects in the perovskite PZT95/5 films.
C. Pyroelectric properties
A dynamic method was used to measure the pyroelectric coefficient (p) at room temperature [27] [28] [29] . In the traditional method, such as the Byer-Roundy method [30] , the pyroelectric coefficients consist of the contributions of non-pyroelectric current. Using the dynamic technique, we can separate the real pyroelectric response from thermally stimulated discharge and obtain the pure pyroelectric coefficients. In the measurement, temperature of the sample was controlled by a Peltier heater and modulated sinusoidal with an amplitude of 1
• C at a frequency of 5 mHz. The pyroelectric current was amplified with an electrometer and the 90
• outof-phase component of the current with respect to the temperature modulation was measured with a digital lock-in amplifier [31, 32] . An antiferroelectric PZT95/5 film was first poled at room temperature by applying an ac voltage of amplitude 20 V which was equivalent to 7-8 times of E c and at a frequency of 10 Hz for 0.1 s and then short circuited at room temperature overnight. As shown in Table I , the pyroelectric coefficients of self-polarization are 34, 43, and 38 µC/m 2 K, respectively for the thin films annealed at temperatures 600, 650, and 700
• C. The pyroelectric coefficients of the PZT95/5 thin films on Pt-coated Si substrates annealed at 600, 650, and 700
• C are 274, 238, and 212 µC/m 2 K, respectively. The pyroelectric coefficient of PZT95/5 thin film is larger than that of PZT52/48 films on RuO 2 -and Pt-coated silicon substrates (p=138, and 145 µC/m 2 K) [33] . The figure of merit of specific detectivity is defined as F D =p/c(εε 0 tanδ) 1/2 , where c is the heat capacity per unit volume (c=2.5 J/cm 3 K) [34, 35] , ε is the relative permittivity of the antiferroelectric films, ε 0 is the permittivity of free space and tanδ is the dissipation factor. For PZT95/5 thin films annealed at 600, 650, and 700
• C, the F D values are 9.66×10 −6 , 7.22×10 −6 , and 5.74×10 −6 Pa −0.5 , which are much higher than those of single composition PZT films (0.81×10 −6 Pa −0.5 ) [36] presumably due to the antiferroelectric structure. From Table I , it is suggested that annealing temperature is an important influence factor on the ferroelectric and pyroelectric properties of PZT95/5 thin films.
IV. CONCLUSION
PZT95/5 films were grown on Pt/Ti/SiO 2 /Si(100) substrates by a simple sol-gel method with rapid thermal annealing processing. The annealing process significantly simplified the production of the films. Structural development in these films during rapid thermal annealing was characterized by XRD. The PZT95/5(111) orientation and growth mechanism are mainly due to lattice matching between PZT95/5(111) and Pt 3 Ti(111) at the films/Pt/Ti interface, which reduces the activation energy for perovskite phase formation. Films with a dense, smooth surface were obtained by this processing. The PZT95/5 films annealed at 700
• C exhibited a grain size of about 25-30 nm, and exhibited remnant polarization and coercive electric field value of 45.3 µC/cm 2 and 102.1 kV/cm, respectively, at an applied value of 20 V. The typical small signal dielectric constant and dissipation factor at a frequency of 1 kHz were 519 and 0.028, 677 and 0.029, 987 and 0.025, respectively, for the thin films annealed at 600, 650, and 700
• C. When annealed at 700 • C, PZT95/5 film has higher dielectric constant at low frequency. If annealed at 600
• C, PZT95/5 film has the highest pyroelectric properties of 274 µC/m 2 K and the highest figure of merit of specific detectivity F D of 9.66×10 −6 Pa −0.5 . By the simple sol-gel method with rapid thermal annealing processing, we prepared the PZT95/5 thins films with high dielectric constant, good ferroelectric and pyroelectric properties. These results are better than those of single composition PZT52/48 films, which make these materials useful for pyroelectric sensors. 
